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Preface

The thesis here presented resumes the three years of research activity (from September 2013 until
2016) carried out at the Research and Innovation Centre, Fondazione Edmund Mach, San Michele all’Adige
(TN), Italy.

The studies were supervised by Dr. Kieran M. Tuohy (formally the external tutor), head of the
Nutrition and Nutrigenomics group, in the Food Quality and Nutrition Department - Research and
Innovation Centre, Fondazione Edmund Mach - and Dr. Benedetta Bottari (University tutor), researcher at
the Department of Food Science, University of Parma, Italy.
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Summary

Intestinal microbiota dysbiosis and modification of intestinal permeability leading to bacterial
translocation, have been implicated in the development of numerous liver diseases or worsening of hepatic
disorders, such as cirrhosis, portal hypertension, hepatic encephalopathy (HE) and acute-on-chronic-liver
failure. There is strong evidence that the pathogenesis of cirrhosis and HE is linked to a dysbiotic gut
microbiota and accumulation of microbial by-products, such as ammonia, indoles, oxindoles and endotoxins,
which the liver fails to detoxify. Indeed, current main line clinical treatments target microbiota dysbiosis by
decreasing numbers of pathogenic bacteria and reducing blood endotoxemia and ammonia levels. Despite the
large amount of existing data, there is still a need to study in more detail the composition and the metabolic
output of the gut microbiota and its cross-talk with host physiological function in liver failure associated HE.

Aim of this thesis was to investigate the microbiota effects of the main current therapies used in
clinical practice to treat HE. Impact of a prebiotic (lactulose), a probiotic (VLS#3) and an antibiotic
(rifaximin) to modulate the gut microbiotia of cirrhotic patients both in terms of composition and metabolic
output was investigated using pH controlled anaerobic batch cultures. Combining high-throughput Illumina
sequencing of V3-V4 16S rRNA region, Fluorescent In Situ Hybridization coupled with flow cytometry and
GC-MS, changes in faecal microbiota composition and metabolic output were measured. Significant
metabolic rather than microbial changes were observed. Short chain fatty acids (acetate, propionate and
acetate) production was promoted over time by lactulose and lactulose plus VSL#3 treatment and this
increase was accompanied by a concomitant reduction of ammonia level and an increase in bifidobacteria.
Rifaximin and its combination with lactulose was able to strongly reduce Streptococcaceae abundance, a
known hallmark of cirrhotic dysbiosis, and concomitantly increase of Bifidobacteriales. Moreover I
investigated how the use of VSL#3 impacted on the microbiota of paediatric patients and young adults
affected by portal vein hypertension and minimal HE. VSL#3 supplementation resulted in a trend toward
improved cognitive function and patients well-being. A trend towards an increased relative abundance in
Actinobacteria and a concomitant decrease in Bacteroidetes, known to be overabundant in HE dysbiosis, was
observed . The results suggested also a slight increase in Ruminococcus and Faecalibacterium abundance.
Indeed the data suggest an amelioration of dysbiotic condition by VSL#3 that could evolve in a decreased
severity of cirrhosis progression. However, as the current pilot study was limited by sample size, these
observation await confirmation in an adequately powered clinical trial.

In an effort to design more efficacious microbiota modulatory tools, I also characterized a

Lactobacillus brevis strain isolated from an alpine traditional cheese for its potential as a next-generation



probiotics thanks to its ability to produce and secrete high amounts of the neurotransmitter y-aminobutyric
acid (GABA). Lb. brevis FEM 1874 was able to efficiently convert glutamate to GABA by the increased
expression of the GAD operon genes resulting in high GABA accumulation in the culture medium.
Moreover, FEM 1874 proved resistant to acidic pH, pancreatic fluids and bile acids, good indicators for
probiotic survival in the gastro-intestinal tract. FEM 1874 was also able to ferment prebiotic fibres indicating
the potential of using a synbiotic formulation targeting the gut:brain axis.

Overall, the research herein showed the potential of microbiota modulatory formulations to target the
dysbiosis related to gut:liver:brain axis disruption in liver disease and inducing metabolic changes capable of

ameliorating related clinical symptoms.
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Introduction

From birth humans establish a mutualistic relationship with their gut microbiota, the composite
microbial population inhabiting the gastrointestinal tract (GIT). From metagenomic studies we now know,
that this complex community differs substantially in composition between individuals and that it is
modulated by age, genetic background, physiological state, microbial interaction, environmental factors and
diet (1-6).

Bacterial numbers within the gut microbiota reach a population of up to one hundred trillion
organisms containing about 4 million distinct genes. Most of these genes encode proteins and enzymes
which, even with functional redundancy, are capable of influencing the host physiology either directly or
through interactions with and metabolism of human foods (7). The vast majority of these bacteria are strict
anaerobes and fermentation is the main form of energy metabolism for the dominant microbiota phylotypes.
Indeed, the gut microbiota may be considered an anaerobic bioreactor capable of synthesizing molecules that
act directly on mammalian immune system, modify the human epigenome and regulate host metabolism (8—
10). The gut microbiota uses both ingested dietary components (e.g. carbohydrates, proteins, and lipid) and
host-derived components (including shed epithelial cells and mucus) to generate energy for their own
cellular processes and growth and produce several metabolites which influence human health and
metabolism. For instance, carbohydrate fermentation leads to the production of the short-chain fatty acids
(SCFA) acetate, propionate and butyrate which contribute to normal large bowel function, immune
regulation (11-16), regulation of food intake and intestinal physiology and motility (17) by regulating
production of gut hormones or incretins (18), epigenetic effects through the histone deacetylase (HDAC)
inhibitory activity of butyrate in particular and reducing gut wall permeability to improving tight junction
control (19-21). Protein fermentation on the other hand, as well as producing some SCFA, also gives rise to
phenolic metabolites and amines some of which may exert deleterious effects in the host. Gut microbiota and
its metabolites have been also shown acting at the level of the enteric nervous system (ENS) (22). Moreover,
it may impact also the central nervous system (CNS) and the human brain health by shaping different

process.



The gut:brain axis

The gut:brain axis includes the central nervous system (CNS), the neuroendocrine and neuroimmune
systems, the sympathetic and parasympathetic arms of the autonomic nervous system (ANS), the enteric
nervous system (ENS) and the gut microbiota (23,24). These components interact to form a complex
bidirectional communication network whereby signals from the brain can influence the motor, sensory and
secretory modalities of the gut and conversely, visceral messages from the gut can influence brain function
(23,25). The data which most clearly indicates a direct influence of the gut microbiota on brain activity thus
far has mainly derived from animal studies. However, the use of different laboratory animals indicate that
there may be specific behavioural effects induced by specific microbiota in different mammals and the few
clinical observations suggest that the influence of the gut microbiota on the gut:brain axis may also hold in
humans (24). Indeed, there is an increasingly strong rationale implicating the gut microbiota in the
development of the nervous system and in adverse early life influences on the gut:brain axis.

Alterations in this bidirectional gut microbiota-brain seem to be implicated as a possible mechanism
in the pathophysiology of several brain disorders including autism spectrum disorders (ASDs) (26,27),
Parkinson’s disease (28), disorders of mood and depression (26,29), and chronic pain (30). However, the
signalling mechanisms involved and how they relate to gut microbiota composition, community structure

and metabolic output still remain to be determined.

Hepatic Encephalopathy

Altered metabolic, immune and hormonal homeostasis in advanced liver disease and cirrhosis may
influence the onset of liver disease complications such as gut-based infections, multiorgan failure, chronic
liver failure and hepatic encephalopathy (HE) (31). HE is considered a typical model of gut:liver:brain axis
dysfunction, even though its pathogenesis is not well understood. Increasing evidence shows that alteration
in gut microbiota and their metabolic by-products such as ammonia, indoles and/or oxindoles, a background
of local and systemic inflammation, and bacterial translocation through leaky gut, may all drive the
development of HE (32,33).

Even if the pathophysiological basis of HE is multifactorial and complex, there is a general
consensus that ammonia plays a pivotal role (34,35). Ammonia is a common end product of amino acid
fermentation by the gut microbiota and although certain groups of bacteria (e.g. the clostridia) are commonly
considered responsible for amino acid fermentation in the colon, we still do not fully understand ammonia
metabolism by the gut microbiota and specifically, which species/genera are involved and under what
conditions ammonia is produced. Over-representation of Streptococccaceae and Vellonellaceae, with a
specific overabundance of Streptococcus salivarius, has been observed in HE and cirrhotic patients without
cognitive impairments compared to healthy controls, leading to speculation that the possible involvement of
this bacterial species in ammonia production is due to its urease activity (36). However, ammonia
production, as with production of other fermentation end products, is very unlikely to be the result of the

metabolism of a single species, and more likely reflects fermentation profiles and end products, cross



feeding, absorption and detoxification at the community level. Recent evidence of correlations between the
gut microbiota, cognition and inflammatory cytokines in HE patients derive from next generation sequencing
investigations. These investigations suggest some links between relative abundance of different gut bacteria

and clinical processes affecting the pathogenesis of HE, as reviewed in depth in Chapter 1 of this thesis.

The majority of the strategies used in the treatment of HE are primarily directed at the reducing or
eliminating increased neurotoxic ammonia levels (37). Consequently, most of the therapies approved and
utilized to date are based on modulation of the gut microbiota. Gut microbiota modulation may have efficacy
in MHE and HE by various mechanisms including a decrease in counts of pathogenic bacteria, decreased
bacterial urease activity and reduced ammonia absorption by decreasing luminal pH. The most common HE
treatments used in clinical practice include prebiotics, antibiotics and probiotics (38,39) as discussed in
Chapter 1. The first line of intervention in HE is the prebiotic lactulose (4-O-B-d-galactopyranosyl-d-
fructose). However, the actual mechanism by which lactulose appears to work in HE is still not fully
understood. Possible mechanisms seem to be related, in part, to alterations in gut microbiota, since lowering
the colonic pH is linked to production of organic acids through bacterial fermentation. Lower pH and
increased organic acids can inhibit urease-producing bacteria such as Klebsiella spp. and Proteus spp.,
facilitating the growth of acid resistant, non-urease-producing species, such as lactobacilli and bifidobacteria
thus impacting on colonic ammonia production. Similarly, by providing a readily fermentable source of
carbohydrate, lactulose switches off amino acid fermentation and thus ammonia production via this route.
The non-absorbable antibiotic rifaximin, has been also shown to be effective in improving cognitive function
in HE and is the most commonly used antibiotic to treat HE, especially in patients who do not respond to
lactulose. Again the precise mechanism of action remains unclear (40). Probiotic treatment in patients with
decompensated cirrhosis and HE has been shown to reduce serum ammonia levels and improve various
neurocognitive tests and mental status (41). Commonly used as a second line intervention in HE, the
probiotic VSL#3 (B. longum, B. infantis, B. breve, L. acidophilus, L. casei, L. delbrueckii ssp. bulgaricus, L.
plantarum and St. salivarius ssp. thermophilus) has been demonstrated to be effective in preventing HE in
patients with cirrhosis, to significantly reduce the level of arterial ammonia, small intestine bacterial
overgrowth (SIBO) and orocaecal transit time together with increased psychometric HE scores, compared
with placebo (42).

However, due to the nature of these studies, i.e case/control studies and random controlled
intervention trials, from the data available to date a clear association but not causation can be made between
cognitive performance, HE and gut microbiota. Co-occurrence has been observed between certain microbial
changes and improving symptoms. The use of in vitro fermentation systems inoculated with human faecal
samples is widely accepted to simulate environmental conditions in the human large intestine (43). Indeed,
its use provides an initial model to better understand the link between microbiota relative abundance, amino

acid fermentation and ammonia production. Iz vitro systems could give insight on the fermentation profiles



of the complex bacterial communities altered in HE giving insight on the mechanisms by which gut
microbiota affects brain and liver function.

In Chapter 2 of this thesis, an ir vitro pH-controlled batch culture system has been used to study the
effect of lactulose, rifaximin, VSL#3 and their combination on the gut microbiota population of cirrhotic
patients. SCFA content and ammonia levels have also been correlated to the population structure analyzed by
means of 16 rRNA sequencing.

The effect of the probiotic VSL#3 on gut microbiota has also been studied in vivo in paediatric
subjects affected by portal hypertension and MHE, a study carried out at the U.S.S.D Epatologia
Gastroenterologia ¢ Trapianti pediatrici, Azienda Ospedaliera Ospedali Riuniti di Bergamo. Data are

presented in Chapter 3.

Probiotic potential of y-amminobutyric acid (GABA)-producing Lactobacillus brevis

As described in the previous section, in recent years much attention has been focused on the
interaction between the intestinal microbiota, the gut, and the central nervous system (CNS) in the so called
gut:brain axis (44—47). Indeed, gut microbiota modulation via probiotics represents a possible therapeutic
strategy in ameliorating certain brain disorders and other systemic conditions. Bacteria commonly used as
probiotics, especially bifidobacteria and lactobacilli, are able to produce a wide range of metabolites which
may be involved in their probiotic potential. These metabolites include SCFA, vitamins B and K (48);
bacteriocins (49), exopolysaccharides (50-52), which exert immunomodulatory function (50); conjugated
linoleic acid (51-56) and also neurotransmitters like y-amminobutyric acid (GABA) and serotonin.

GABA is a non-protein amino acid widely distributed in nature which plays an important role in the
mammalian central nervous system as the major inhibitory neurotransmitter (57). Moreover GABA is
involved in physiological function and is involved in induction of hypotensive, diuretic and tranquilizing
effects, but also in the regulation of different neurological disorders such as Parkinson’s disease, Alzheimer’s
disease and Huntington’s chorea (58,59). Aside from CNS, GABA is present also in many organs such as the
pancreas, pituitary, testes, gastrointestinal tract, ovaries, placenta, uterus and adrenal medulla (60). The
potential probiotic strain Lb. rhamnosus (JB-1) was shown able to induce a direct effect on behavioural and
physiological responses in a vagus nerve-dependent manner (61). L. rhamnosus (JB-1) was able to modulate
the expression of receptor implicated in anxiety behaviour and responses such as GABAAw2, GABAAal,
and GABABI1b (61), leading to the speculation that the changes induced by this probiotic strain might
provide an advantage toward stressful situations. Moreover, mimicking GABA molecules or increasing
environmental GABA concentration in the brain was associated with a decreased cytokine production in
macrophages (62,63). The cell signalling potential of GABA in immune cells may therefore also be of
importance in terms of inflammatory processes not only in the gut but systemically.

A number of different species of bifidobacteria and lactobacilli have been shown to produce GABA,
in particular Lactobacillus subsp. isolated from fermented food (64), as shown by Siragusa et al. (65,66) with

respect to Lb. paracasei, Lb. delbrueckii subsp. bulgaricus, Lc. lactis, Lb. plantarum, and Lb. brevis strains



isolated from different Italian cheese varieties. Other GABA producing LABs have been isolated from
tempeh, fruit juices and fermented dairy and soy products (Higuchi et al. 1997; Nomura et al. 1998; Hou et
al. 2000; Aoki et al. 2003; Inoue et al. 2003; Siragusa et al. 2007; Chang et al. 2009; Kim et al. 2009; Lim et
al. 2009). Wu and co-workers (67) reported the presence or absence of glutamate decarboxylase (gad)
operons in the available genome sequences of Lb. brevis strains in 2016. 13 out of 14 published genomes
have the intact gad operon. The amino acid sequences of GADs are highly conserved at the species level,
where the genes encoding GADs are mainly distributed amongst Lactobacillus brevis, Lb. plantarum, Lb.
fermentum, Lb. reuteri, Strrptococcus thermophilus, Lactococcus lactis subsp. cremoris, Lc. lactis subsp.
lactis and some Bifidobacterium species. Most high GABA producing strains have been shown to belong to
Lb. brevis and Lb. plantarum, even if species such as Lc. lactis, Str. thermophilus and Lb. bulgaricus isolated
from milk environments also exhibit abilities to produce GABA in lower amounts (67). Also human
intestinal Lactobacillus and Bifidobacterium isolates have been shown to produce GABA (68). In particular,
Lb. brevis DPC6108 was able to significantly increase the GABA concentration of fermented faecal slurry,
indicating that GABA biosynthesis could occur in vivo (68). Lb. brevis therefore, represents a promising
starter for dairy fermentation to manufacture GABA-rich cultured dairy foods to be used in restoring or
ameliorating conditions linked to an altered gut microbiota:(liver):brain axis.

A probiotic strain is “a live organism which when administered in adequate amounts confer a health
benefit on the host” (69). An effective probiotic will maintain sufficient viable microorganisms that can
survive the host's digestive process, adapt to the resident microbiota - not displacing the native bacteria
already present - and produce a beneficial response in the host without pathogenic or toxic adverse effects.
Indeed, a probiotic should resist the acidic environment of the stomach and the effects of bile in the
duodenum (70). As already observed in Listeria monocytogenes, GAD activity in Lb. brevis may be critical
for survival in acidic conditions and allows it to overcome the low pH stresses of fermented foods, gastric
juice, volatile fatty acids in the GIT (75).

Indeed, the ability to convert monosodium glutamate to GABA may be considered as a novel
probiotic trait, because of the beneficial health effects of GABA and its protective action to acidic pH
environment.

Chapter 4 of this thesis presents the data related to the characterization of Lb. brevis FEM 1874
strain isolated from traditional alpine cheese for its ability to accumulate high levels of GABA in the culture
medium and for some phenotypic traits important for probiotics. This preliminary characterization indicates
the potential of this strain as a next-generation probiotic targeting the gut:brain axis, portal vein hypertension

and systemic inflammation through GABA production.
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Aim and objectives

The main hypothesis of the present thesis is if the modulation of the gut microbiota by using

prebiotic, probiotic or antibiotic administration could benefit the gut:brain:axis.

To address this point:

I reviewed the most recent literature about gut:brain:axis, with a special focus on cirrhosis
and Hepatic Encephalopathy (Chapter 1);

I characterized the in vitro microbiota modification in terms of population dynamics and
composition induced by lactulose, rifaximin and VSL#3 in the cirrhotic environment; data
have been associated also to microbial metabolism (Chapter 2);

I characterized the in vivo microbiota modification in terms of population dynamics and
composition induced by VSL#3 in paediatric and young adults affected by portal
hypertention and minimal hepatic encephalopathy (Chapter 3);

I characterized the cheese isolated Lb. brevis strain FEM 1874 for its potential probiotic
traits and for its ability to produce high amount of GABA, which could in turn impact the
gut:brain axis functioning (Chapter 4);
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Abstract

Hepatic encephalopathy (HE) is a debilitating neuropsychiatric condition often associated to acute
liver failure or advanced liver cirrhosis. Advanced liver diseases are characterized by a leaky gut and
systemic inflammation. There is strong evidence that the pathogenesis of HE is linked to a dysbiotic gut
microbiota and to the microbial by-products, such as ammonia, indoles, oxindoles and endotoxins. Current
main line clinical treatments target microbiota dysbiosis by decreasing the counts of pathogenic bacteria and
reducing the endotoxemia. This review will focus on role of the gut microbiota and its metabolism in HE and
advanced cirrhosis. It will present the different clinical trials testing the efficacy of prebiotics, probiotics and
antibiotics used to treat HE and advanced cirrhosis through gut microbiota modulation. Despite the large
amount of existing data, there is still a need to study in more detail the composition and the metabolic output
of the gut microbiota and its cross-talk with the host as core factors in HE dysbiosis associated with liver

failure.

1.1 Introduction

The human body is now considered a complex ecosystem within its own gut, harbouring thousands
of different microbial species at different anatomical site and maintaining stable symbiotic or mutualistic
relationships in health. From metagenomic studies in healthy subjects, we now know that substantial
difference in gut microbial composition exists between individuals (1-3). In fact each individual has a
unique gut microbiota which may be modulated by genetic background, physiological state, microbial
interactions (e.g. phage), environmental factors and diet (4-6). There are more than 500 species in the gut of
each individual in different societies and the number of species (richness) increases with age (7). The gut
microbiome can be considered as an anaerobic bioreactor able to synthesize molecules that act directly on
the mammalian immune system, modify the human epigenome and regulate the host metabolism (8-10).
Indeed the gut microbiota uses ingested dietary components (e.g. carbohydrates, proteins, and lipid) and
host-derived components (including shed epithelial cells and mucus) to generate energy for their own
cellular processes and for growth and also to produce several metabolites which influence human health and
disease risk. Diet has an important role in shaping the gut microbiota and also the flux of metabolites and
neurochemicals they produce. Certain fibres and prebiotics, like inulin, fructo-oligosaccharides and
lactulose, promote the production of Short Chain Fatty Acids (SCFA) acetate, propionate and butyrate.
Indeed, certain fibre/prebiotics are thought responsible for maintaining a butyrogenic gut microbiota
characterised by increased relative abundance of Bifidobacterium and possibly butyrate producing bacteria,
like Roseburia inulinivorans and Fecalibacterium prausnitzii (11-15) by acting as growth substrates. These
bacteria appear to be important members of the beneficial gut microbiota and induce beneficial host immune

effects (16-21), improve mucosal integrity intestinal permeability (16,18,21,22), intestinal motility (23) and
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sensitivity (17,24). Some species also produce bioactive compounds other than SCFA, such as folate,
serotonin, dopamine and y-aminobutyric acid (GABA) (25,26). Species from the genera Lactobacillus,
Bifidobacterium, Escherichia, Bacillus, Streptococcus and Enterococcus have all been described to produce
neurotransmitters (27-31). Lactobacillus and Bifidobacterium species have also been shown to induce
hypothalamic pituitary adrenal (HPA) hormones, like adrenoicorticotropin) and cortisol production (32).
Indeed, the gut microbiota and its metabolites have also been shown to be involved in modulating the
activity in the enteric nervous system (ENS) (33,34). Astonishingly, recent studies in animal models show
that the gut microbiota influences and shapes the brain development and function. In fact, it appears that the
gut microbiota may impact on the central nervous system (CNS) and brain health in different ways: i) by
stimulating the innate (e.g. gut permeability) and adaptive immune system, ii) by producing neuroactive
metabolites, iii) by producing hormones and neurotransmitters identical to those of human origin, iv) by
directly stimulating the afferent neurons of the ENS sending signals to the brain via the vagus nerve.

Alterations in the bidirectional communication between the brain and the gut microbiota have been
implicated in the pathogenesis of well-known gut disorders such as irritable bowel syndrome (IBS) and
related functional GIT disorders (35,36). They also seem to be implicated in the pathophysiology of several
psychiatric conditions including autism spectrum disorders (ASDs) (27,37), Parkinson’s disease (38),
disorders of mood and anxiety (27,39), and chronic pain (40). In most of these disorders a shift from the
conventional symbiotic gut microbiota, to a dysbiotic condition, seems to represent the trigger for
pathogenesis evolution, or at least it occurs with the onset of disease (41). Gut microbiota dysbiosis has also
been linked to liver pathologies such as non-alcoholic fatty liver disease (NAFLD) (42), non-alcoholic
steatohepatitis (NASH) (43), alcoholic liver diseases (ALD), cirrhosis and hepatic encephalopathy (HE) (44).
In the last decades many studies have described the alteration of gut microbiota in liver cirrhosis.
Mechanistically the break-down of the intestinal barrier by bacteria (or bacterial molecules) and their
translocation into the liver, systemic circulation or lymphatic system, has been suggested to give rise to
systemic inflammation and altered brain functions (45).

Aim of this review is to describe how gut microbiota affects end-stage of liver disease, focusing on
HE. Attention is also given to the main microbiota-targeted therapeutic approaches used to reverse the

debilitating state, which characterizes HE.

1.2 Gut microbiota:liver:brain axis: a matter of microbial ecology, metabolism and
inflammation

Although the gut microbiota clearly is altered in liver diseases, and has the potential to modulate
physiological processes linked to liver disease, we still do not know which comes first, liver dysfunction or
microbial dysbiosis. The gut liver-axis can be defined as the set of anatomical and metabolic interactions
between the gut and the liver. The liver receives more that 70% of blood from the gut through the portal vein
and is continuously exposed to gut-derived bacteria, their components, including immune reactive molecules

like lipopolysaccharide (LPS), and metabolites. Indeed, the liver has a fundamental physiological and crucial
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role in defence against gut-derived materials and xenobiotics which may be ingested with food (46,47).
Moreover, the liver is rich in specific kinds of immune cells including natural killer (NK) cells, NK T cells,
Kupffer cells and hepatic stellate cells, which are actively involved in maintaining a protective immune
response and tolerance (e.g. resolution of inflammation), and in health, avoiding excessive reaction to
exogenous antigens capable of inducing liver inflammation, autoimmune phenomena, fibrosis or
carcinogenesis (48,49). In this context alteration of the gut:liver axis may evolve into dysbiosis of the
conventional symbiotic microbiota which has in turn the potential to influence the aetiology of pre-cirrhotic

and cirrhotic pathologies and systemic complications (42—44,50).

1.2.1 Cirrhosis and the gut microbiota

Cirrhosis is a pathological process by which the normal anatomical lobules of the liver are replaced
by abnormal nodules separated by fibrous tissue (51). It represents the end result of various types of chronic
liver disease. When decompensated e.g. the severe scarring of the liver has damaged and disrupted essential
body functions, it drives the onset of the several complications like jaundice, variceal haemorrhage, ascites,
or encephalopathy (52). When subjects reach the stage of cirrhosis, impairment of the gut-liver axis leads to
gut inflammation, systemic inflammation, and worsening of liver disease complications, such as HE, gut-
based infections such as spontaneous bacterial peritonitis (SBP) and eventually the development of multi-
organ failure, known as acute on chronic liver failure (ACLF) (53). Clinically the severity of cirrhosis is
measured by two scoring systems, the Child-Turcotte-Pugh (CTP, which includes serum albumin, bilirubin,
prothrombin time, HE, and ascites severity) and the Model for End-Stage Liver Disease (MELD, logarithmic
score of bilirubin, creatinine, and the international normalized ratio -INR- of the prothrombin time) (54,55).

The “cirrhosis dysbiosis ratio” (CDR) has been introduced by Bajaj and coworkers as a quantitative
index to describe microbiota alterations accompanying cirrhosis progression, where a low index indicates
dysbiosis (50). It has been defined as the ratio of Ruminococcaceae, Lachnospiraceae and Clostridiales
cluster X1V, to Enterobacteriaceae and Bacteroidaceae taxa based on previous observation of a reduced
relative abundance of the former and relatively increased abundance of the latter in cirrhosis and HE
(45,56,57). CDR encompasses a set of various cirrhotic stages, being highest in controls (2.05) followed by
compensated (0.89), decompensated (0.66), and hospitalized cirrhotic subjects (0.32). Thus, the severity of
liver disease per se negatively affects the composition of the microbiota, where MELD scores are associated
with a relative decrease in Clostridiales X1V, Lachnospiraceae, Ruminococcaceae and Rikenellaceae, and a
relative overgrowth of potentially pathogenic taxa such as Staphylococcaceae, Enterococcaceae and
Enterobacteriaceae. Moreover patients with lower concentration of faecal Clostridiales XIV,
Lachnospiraceae and Ruminococcaceae bear higher levels of endotoxin, underlining an association between
microbial composition and endotoxin-mediated inflammation derived from Gram negative LPS (50). In
general the severity of cirrhosis may be a stronger determinant of microbial abundance as observed by Chen
and coworkers in Chinese cirrhotic subjects compared to healthy people (58). Patients showed a reduced

abundance of Bacteroidetes and Lachnospiraceae, whereas Proteobacteria, Fusobacterium spp.,
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Enterobacteriaceae, Veillonellaceae and Streptococcaceae were all increased compared to healthy subjects
(58). However, from the data available to date a clear association but not causation can be made between

cognitive performance, cirrhosis severity and gut microbiota dysbiosis.

1.2.2 Hepatic encephalopathy and the gut microbiota

Effects of altered microbiota in advanced liver disease and cirrhosis may impact on brain functions
resulting in hepatic encephalopathy (HE). HE is considered a typical model of gut:liver:brain axis disease,
even though its pathogenesis is not well understood. Increasing evidence shows that alteration in gut
microbiota and their by-products such as ammonia, indoles, and/or oxindoles, as well as a background of
local and systemic inflammation and leaky gut drive HE development (59,60).

HE is a spectrum of neurocognitive impairments and can be classified into three types, based on the
nature of hepatic dysfunction: type A is associated with acute liver failure; type B occurs with portal-
systemic shunting (bypass) without intrinsic liver disease; and type C develops in patients with cirrhosis
(61). For more detail about definition and nomenclature in HE, please see the review from Dharel and Bajaj
(54). Concerning type C HE, cirrhosis-related HE ranges from minimal (MHE), where patients are impaired
on specialized cognitive tests, to overt HE (OHE), where patients experience mental status changes ranging
from simple disorientation to coma. In the first case patients have difficulties in cognitive performance,
psychomotor speed and visuo-motor coordination (62) resulting in reduced health-related quality of life, and
increased progression to OHE. It has been shown that almost 80% of patients with chronic liver disease may
have MHE with a fourfold higher risk of developing OHE (63). Indeed OHE is associated with decreased
survival, risk of subsequent OHE episodes, and severely impacts on patient well-being (63,64). It can
manifest as either episodic (when clinically overt symptoms develop over a short period of time) or
persistent (continuous presence of symptoms) (65).

HE patients present a different composition of the sigmoid colonic mucosal microbiota (45). Lower
Roseburea and higher Enterococcus, Veillonella, Megasphaera and Burkholderia among sigmoid colonic
mucosal microbiota were observed in HE group compared to controls. The authors found that the genera like
Blautia, Fecalibacterium, Roseburia, and Dorea correlated with good cognition and decreased inflammatory
markers, while species FEnterococcus and Streptococcus and genera including Burkholderiaceae,
Veillonellaceae, Megaspheara, Rikenellaceae, Alistipes, Streptococcaceae, Alcaligenceae, Sutterella,
Porphyromonadaceae, and Parabacteroides were associated with poor cognitive performance in patients
with and without OHE. Specifically Alcaligenaceae are able to produce ammonia by degradation of urea,
potentially explaining their association with poor cognitive function. Moreover, Bajaj and colleagues
demonstrated that Enterobacteriaceae, Fusobacteriaceae, and Veillonellaceae were positively, and
Ruminococcaceae negatively, related to inflammation (56). The correlation between the microbiota,
cognition and inflammatory cytokines in HE patients show the critical need to deepen study the gut mucosa
since several important processes in the pathogenesis of HE occur at the mucosal interface rather than in the

lumen, such as translocation and interactions between the gut microbiota and the immune system (66).
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The influence of salivary microbiota on the distal gut was assessed by Bajaj and colleagues,
considering microbial composition and function in cirrhotic patients with and without HE as well as the
impact of cirrhosis in salivary defence and inflammation (67). Salivary microbiota analysis of cirrhotic
subjects affected by HE showed an increase in Enterobacteriaceae with a concomitant reduction in
Erysipelothricaceae with respect to no-HE patients and controls. Enterobacteriaceae was associated with
functions related to endotoxin suggesting a role of oral microbiota toward the overall endotoxemia present in
cirrhosis. Similar association have been noted before between oral microbiota as an inflammatory trigger of
chronic low-grade systemic inflammation associated with metabolic disease and type 2 diabetes (68).
Moreover in saliva a significantly higher relative abundance of Prevotellaceae, Fusobacteriaceae, and
Enterococcaceae was observed in patients with cirrhosis, compared to controls. Correlation networks
showed that cirrhotic salivary microbiota correlates well with a proinflammatory milieu, characterized by IL-
1B and IL-6 production, and a consequent increase in secretory IgA (67).

In a case study, a male HE patient (MELD score 10) was subjected to to an faecal microbiota
transplantation (FMT) every week for five weeks from a universal stool donor (69). Improvement in
attention, serum ammonia and quality of life were observed despite missing treatments and need of
hospitalization during the study. Cognitive improvements were not associated with an increase in the relative
abundance of Lachnospiraceae, suggesting that other microbial taxa and metabolic activities might be
involved. Of note was the fact that despite the initial improvement, the beneficial effect of FMT did not
persist after FMT was discontinued, suggesting a transient beneficial effects of FMT with heterologous
microbiota did not colonize the new host or that a repeated therapy would be required to maintain response
(69). However, more subjects should be analysed to support and validate this evidence. In another study
magnetic resonance spectroscopy and diffusion tensor imaging have been used to define linkage between
microbial modification and neuronal astrocytic dysfunction in cirrhotic patients with and without HE (70).
Patients with HE had a higher abundance pattern of Staphylococcaceae, Enterococcaceae,
Porphyromonadaceae and Lactobacillaceae compared to controls and no-HE (70). Brain MR spectroscopy
manifestations of ammonia were positively linked with families such as Streptococcacae,
Enterobacteriaceae, Lactobacillaceae and Peptostreptococcaceae, while negatively correlated with
Lachospiraceae, Ruminococcaeae and Clostridiales XIV. The latter taxa are predominant in healthy control
studies and mediate several important benefits, such as production of SCFA and 7-a de-hydroxylation of bile
acids in hosts (58,71). With the progression of cirrhosis, reduction in Lactobacillaceae and
Peptostreptococcaceae parallels an increase in potentially harmful taxa such as Streptococcacae and
Enterobacteriaceae (72). Cognitive dysfunction correlated also with an increase of Porphyromonadaceae
(70), a bacterial group implicated in cognitive dysfunction, progression of fatty liver disease and in systemic
and hepatic inflammation in animal studies (56,73,74). Interestingly, Ahluwalia and colleagues showed an
increase in Lactobacillaceae in HE faecal samples, potentially as expansion of selected urease-producing

Firmicutes as already observed in humans and mouse cirrhosis models (72,75,76).
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1.3 Gut microbiota:brain axis in liver disease: mechanisms

The higher risk of microbiota dysbiosis in cirrhotic patients, with subsequent clinical implications, is
principally due to the variety of pathological interactions between the liver and the gastrointestinal tract. In
particular the alteration in intestinal motility, the higher gastric pH and the reduced bile acid concentrations
in the colon observed in patients affected by cirrhosis, may lead to a failure in the control of bacterial
intestinal growth. Cirrhosis also impairs the homeostatic role of the liver in the systemic immune response.
Damage to the reticulo-endothelial system compromises the immune surveillance function exerted by
Kupffer cells and sinusoidal endothelial cells and the reduced hepatic synthesis of proteins, involved in
innate immunity and pattern recognition, hinders the bactericidal ability of phagocytic cells (77,78).
Monocyte spreading, chemotaxis and neutrophil activity are also significantly reduced in cirrhosis compared
with controls (79,80). This in turn can lead to compromise the intestinal barrier and bacterial translocation, a

higher risk of intestinal bacterial infections and increased risk of liver disease decompensation (81-87)

1.3.1 Endotoxemia

A common symptom in cirrhosis is Small Intestinal Bacterial Overgrowth (SIBO), which leads to a
qualitative and quantitative alteration in the microbiota composition in the upper gut (84,88-90). Defined as
> 10’ total colony-forming units (CFUs) per milliliter of proximal jejunal aspirations, SIBO is present in
59% of cirrhotic patients and is correlated with the severity of liver disease. Indeed, SIBO, mostly induced
by aerobic Gram-negative enteric organisms, like . coli and Klebsiella pneumoniae (91-93), represents a
risk factor for clinical decompensation (due to bacterial translocation and endotoxemia) of liver cirrhosis,
favouring encephalopathy and SBP (88,94).

The intestinal mucosal surface has the secretory and anatomical means of preventing adhesion and
translocation of microorganisms, and in health represent an efficacious barrier impeding bacteria entering the
circulation. Structural changes/modifications, oxidative stress, and alteration in enterocyte function have
been assessed in cirrhosis patients, as source of increases in intestinal permeability (IP) or leakiness (95-97).
Leaky gut may lead to the passage of toxins, antigens, or bacteria into the body (98), and is suspected to play
a pathogenic role in the development of chronic liver injury (99) as well as metabolic and immune
derangement associated with many chronic debilitating diseases including obesity, type 2 diabetes and
autoimmune manifestations (100,101). Bacterial translocation (BT) is the migration of viable
microorganisms and microbial inflammatory products (LPS, lipoteichoic acid, bacterial DNA,
peptidoglycans, and fragments) across the intestinal barrier from the intestinal lumen to mesenteric lymph
nodes (MLNs) and other extra-intestinal organs or sites (102,103). Normally with a physiologically intact
epithelium, endogenous bacteria translocate by an intracellular route through the epithelial lining cells and
then travel via the lymph to the MLNs. When the epithelium is damaged bacteria translocate via the
intercellular route between the epithelial cells directly to the blood and lymph nodes (104,105). Both the

frequency and the clinical consequences of BT impact greatly on chronic disease (87).

21



MLNSs are normally sterile (105) but in cirrhosis may be subjected to translocation and replication of
the endogenous gut microbiota, specially Enterobacteriaceae, Enterococcus spp and Proteus spp. (106).
Translocated viable bacteria may induce “spontaneous” bacterial infections while the translocation of
bacterial fragments may produce a pro-inflammatory state due to the release of cytokines and nitric oxide
leading to endotoxemia. The rate and degree of BT depend on the severity of liver disease and the
translocation of entire and viable bacteria to MLN is a characteristic of decompensated cirrhosis. Differently,
the detection of bacterial DNA in the systemic circulation and/or in MLNs seems to be independent from the
severity of liver disease as observed in mice (97). Together with modification in intestinal permeability and
alterations of the local host immune system, bacterial overgrowth is probably a prerequisite for the
development of BT. In rats it has been shown that bacteria which translocate to MLN are the same species
involved in overgrowth of the intestinal lumen, although not all the bacteria present in large quantity are
found in the MLN (90,107,108). In blood of cirrhotic patients, Moratalla and co-workers specifically
identified bacterial DNA attributed to the bacterial species E. coli, S. aureus, K. pneuomoniae, P. vulgaris, P.
mirabilis and Citrobacter freundii and associated bacterial DNA translocation with worse neurocognitive
scores in the patients analysed (109). These species, especially E. coli, are those which most frequently cause
infections and spontaneous bacteremia in cirrhotic patients (110). Inflammatory cytokines in fact contribute
to the hyperdynamic circulation, portal hypertension (84), impaired liver function and impairment of

coagulation (111,112).

1.3.2 Ammonia

Blood ammonia normally ranges between 35—-60 umol/l in the presence of a healthy li